Introduction
============

Oxidative phosphorylation of ADP to produce ATP is the most important activity of the mitochondria. The main regulator of ATP production is the mitochondrial redox potential \[NAD^+^\]/\[NADH+H^+^\] \[[@B6-molecules-08-00146],[@B8-molecules-08-00146],[@B16-molecules-08-00146]\]. Ketogenesis is a process basically confined to the liver. The initial substance from the group of ketone bodies is acetoacetate, which undergo reduction to D-(-)-3-hydroxybutyrate ([Scheme 1](#molecules-08-00146-f004){ref-type="scheme"}.) owing to the activity of 3-hydroxybutyrate dehydrogenase (E.C. 1.1.1.30), located within the cristae of internal membrane of mitochondria \[[@B1-molecules-08-00146],[@B5-molecules-08-00146],[@B8-molecules-08-00146],[@B9-molecules-08-00146]\].

![Activity of 3-hydroxybutyrate dehydrogenase.](molecules-08-00146-g004){#molecules-08-00146-f004}

Acetoacetate and 3-hydroxybutyrate freely pass through mitochondrial and cellular membranes. Ozawa et al. was able to show that intramitochondrial \[NAD^+^\]/\[NADH+H^+^\] ratio correlates directly with the intrahepatic and arterial \[acetoacetate\]/\[D-(-)-3-hydroxybutyrate\] ratio (AKBR). Therefore, the arterial ketone body ratio (AKBR) is a measure of the hepatic intramitochodrial redox potential and hepatic energy charge \[[@B4-molecules-08-00146],[@B5-molecules-08-00146],[@B8-molecules-08-00146],[@B9-molecules-08-00146],[@B10-molecules-08-00146]\].

Beta-oxidation of fatty acids is the most important metabolic pathway which deliver the substrates for ketogenesis. Total ketone body concentration (TKB = \[acetoacetate\] + \[D-(-)-3-hydroxybutyrate\]) reflect the effectiveness of these both pathways \[[@B9-molecules-08-00146],[@B11-molecules-08-00146]\].

The aim of this study is to evaluate the hepatic intramitochondrial redox potential (measured as AKBR) in patients with liver metastatic cancers and chronic cardiogenic circulatory insufficiency, in relation to the effectiveness of fatty acids oxidation and ketogenesis, measured as TKB.

Results and Discussion
======================

Thirty six patients with similar location and extent of liver metastatic cancers (*Carcinoma hepatis metastaticum*) in the left surgical lobe of the liver (segments II, III or II, III, IV) \[[@B2-molecules-08-00146]\] were classified into two groups: group A consisted 20 patients with *Carcinoma hepatis metastaticum* and good circulatory condition, and group B consisted 16 patients with *Carcinoma hepatis metastaticum* and chronic cardiogenic circulatory insufficiency ([Table 1](#molecules-08-00146-t001){ref-type="table"}.).

molecules-08-00146-t001_Table 1

###### 

Characteristics of the study groups

  ------------------------------------------ ----------------------------------------------------------------- ------------------------------------------------------------------------------------
                                             Group A                                                           Group B
  Diagnosis                                  *Carcinoma hepatis metastaticum* and good circulatory condition   *Carcinoma hepatis metastaticum* and chronic cardiogenic circulatory insufficiency
  Number of patients                         N = 20                                                            n = 16
  Age interval                               31-71 years                                                       39-72 years
  Sex (female/male)                          11/9                                                              7/9
  Location and extent of metastatic tumor:                                                                     
   segments II, III                          6 patients (30%)                                                  4 patients (25%)
   segments II, III, IV                      14 patients (70%)                                                 12 patients (75%)
  AKBR                                       0.54 ± 0.03                                                       0.10 ± 0.02
  TKB \[μmol/L\]                             355.40 ± 43.55                                                    430.00 ± 61.25
  PaO~2~\[kPa\]                              11.0 ± 0.3                                                        7.9 ± 0.2
  ------------------------------------------ ----------------------------------------------------------------- ------------------------------------------------------------------------------------

We have stated that AKBR values in both groups of patients were decreased below the normal level (\<0.7). AKBR values in group B: 0.10 ± 0.02 were significantly lower (P\<0.0001) than in group A: 0.54 ± 0.03 ([Figure 1](#molecules-08-00146-f001){ref-type="fig"}.). At the same time TKB values in both groups (A: 355.40 ± 43.55 μmol/L; B: 430.00 ± 61.25 μmol/L) were statistically equal (P=0.3156) and significantly increased above the normal level. The levels of arterial oxygen tension (PaO~2~) in group A: 11.0 ± 0.3 kPa were physiologically high, whereas in group B: 7.9 ± 0.2 kPa were significantly decreased (P\<0.0001). Furthermore arterial oxygen tension of patients in group B correlated with AKBR values significantly (r^2^ = 0.967, P\<0.0001; [Figure 2](#molecules-08-00146-f002){ref-type="fig"}.). In group A we did not find the similar interdependence. On the other hand we found in group A statistically significant negative correlation (r^2^ = 0.815, P\<0.0001; [Figure 3](#molecules-08-00146-f003){ref-type="fig"}.) between TKB and AKBR values, which did not exist in group B.

![AKBR values (mean ± SEM) in 20 patients with *Carcinoma hepatis metastaticum* and good circulatory condition (group A) and 16 patients with *Carcinoma hepatis metastaticum* and chronic cardiogenic circulatory insufficiency (group B).](molecules-08-00146-g001){#molecules-08-00146-f001}

![The relationship between arterial ketone body ratio (AKBR) and arterial oxygen tension (PaO~2~) in patients with *Carcinoma hepatis metastaticum* and chronic cardiogenic circulatory insufficiency (group B).](molecules-08-00146-g002){#molecules-08-00146-f002}

![The relationship between total ketone body concentration (TKB) and arterial ketone body ratio (AKBR) in patients with *Carcinoma hepatis metastaticum* and good circulatory condition (group A).](molecules-08-00146-g003){#molecules-08-00146-f003}

The high total ketone body concentrations (TKB) and the significant correlation between TKB and AKBR values in group A indicate, that the main mechanism which may explain the observed in group A moderate decrease of intrahepatic mitochondrial redox potential, measured as AKBR, is the acceleration of beta-oxidation of fatty acids as a compensatory energetic mechanism, according to conclusions from the study of Shimahara et al. \[[@B11-molecules-08-00146]\]. Our results correspond to the observations of the above-cited authors, that fatty acids oxidation is significantly enhanced around the critical zone of AKBR (near 0.4), resulting in increased ketogenesis. When the efficiency of NAD^+^ to NADH reduction in beta-oxidation pathway and tricarboxylic acid cycle is higher than reoxidation of NADH to NAD^+^ in the oxidative phosphorylation, then increase reduction of acetoacetate to D-(-)-3-hydroxybutyrate. Alternative mechanisms which may explain decrease of intrahepatic mitochondrial redox potential, like the local hemodynamic disorders provoked by the pressure of growing tumor \[[@B5-molecules-08-00146],[@B8-molecules-08-00146],[@B13-molecules-08-00146]\] or the enhancement of beta-oxidation of fatty acids owing to the enormous energy requirements of proliferous cancer, may have only secondary importance.

Deep oxygen deficit generate by chronic cardiogenic circulatory insufficiency is the main mechanism which explain the significant decrease of AKBR values in group B. The significant correlation between arterial oxygen tension and AKBR values in this group is the important argument for this thesis. Deprivation of blood oxygen supply causes inhibition of the electron transport system in the internal membrane of mitochondria. It was stated that these critically low values of AKBR (\<0.25) reflects the irreversible dysfunction of oxidative phosphorylation \[[@B3-molecules-08-00146],[@B6-molecules-08-00146],[@B7-molecules-08-00146],[@B12-molecules-08-00146]\].

Conclusions
===========

Our study indicates that the main mechanism which may explain the decrease of intrahepatic mitochondrial redox potential in patients with liver metastatic cancers and good circulatory condition, is the enhanced beta-oxidation of fatty acids, when the efficiency of NAD^+^ to NADH reduction in beta-oxidation pathway and tricarboxylic acid cycle is higher than re-oxidation of NADH to NAD^+^ in the oxidative phosphorylation. In patients with coexisting chronic cardiogenic circulatory insufficiency deprivation of blood oxygen supply initiate the irreversible dysfunction of oxidative phosphorylation.

Experimental
============

Arterial blood samples from 36 patients (18 women, 18 men) with liver metastatic cancers (*Carcinoma hepatis metastaticum*) were analysed. Only the patients with similar location and extent of the metastatic tumors (left surgical lobe of the liver \[[@B2-molecules-08-00146]\], segments II, III or II, III, IV) were selected to the present study. Patients were classified into two groups: group A consisted 20 patients (11 women, 9 men) with *Carcinoma hepatis metastaticum* ages from 31 to 71 years with good circulatory condition and group B consisted 16 patients (7 women, 9 men) ages from 39 to 72 years with *Carcinoma hepatis metastaticum* and chronic cardiogenic circulatory insufficiency ([Table 1](#molecules-08-00146-t001){ref-type="table"}). The blood samples were taken from the femoral artery of patients one day before partial hepatectomy in the presence of an adequate glucose load (blood glucose ± 2 g/l), without standard hospital feeding. AKBR was calculated as a ratio of acetoacetate and 3-hydroxybutyrate concentrations in arterial blood, measured by the enzymatic methods according to Williamson and Mellanby \[[@B14-molecules-08-00146],[@B16-molecules-08-00146]\], with spectrophotometric detection at wavelength 340 nm. Total ketone body concentration (TKB) was simultaneously calculated, as a sum of acetoacetate and 3-hydroxybutyrate concentrations. The measurement of both ketone bodies is a simple and noninvasive procedure requiring 2 ml of arterial blood per examination, and results can be obtained within 60 min. Blood gas analysis was simultaneously performed ([Table 1](#molecules-08-00146-t001){ref-type="table"}). All results are expressed as means ± SEM. Statistical analysis was performed by Student's *t* test and analysis of variance. Linear regression analysis was used to determine the correlations between arterial oxygen tension and AKBR or TKB values. P values less than 0.05 were regarded as statistical significant.
